ABSTRACT The Indianmeal moth, Plodia interpunctella (Hü bner), was selected as a representative stored-product moth to test the validity of contour mapping of trap catch for pest monitoring in warehouses and retail stores. Three experiments, each replicated Þve times, were conducted in a 3.2 by 9.0-m aluminum shed. Each experiment involved placing pupae at a single release point (source) and recording the numbers of emerging adult males captured after 24, 48, and 72 h in each of four pheromone-baited sticky traps. The experiments differed only with respect to the point of release. Distribution of trap catch reßected the general distribution of moths in the shed; and consecutive contour maps tracked their dispersal from the source. As emergence and dispersal progressed, cumulative trap catch increased throughout the shed, but it remained highest near the source. The observed spatial patterns of trap catch relative to sources of infestation and the inverse relationship of trap catch to distance from a source support the validity of contour mapping as a means of monitoring stored-product moths and locating foci of infestation. The relationship between trap catch and distance from a source of infestation was well described by two-parameter exponential decay, both in P. interpunctella and in the previously studied Lasioderma serricorne (F.). Analysis of data from retail pet stores also showed exponential decline in trap catch of P. interpunctella with distance from centers of infestation.
INDIANMEAL MOTH, Plodia interpunctella (Hü bner), is a cosmopolitan pest of stored-products and occurs throughout marketing channels, from farm to consumer. The larvae feed on a variety of foods, including grain and cereal products, nuts, dried fruit, drug plants (botanicals), cacao, and dead insects (Richards and Thomson 1932) , and infestation occurs frequently in warehouses, food processing plants, feed mills, retail stores, and homes (Walter 1990 , Platt et al. 1998 Arbogast et al. 2000 Roesli et al. 2003) .
Regular monitoring of insect pests is an essential component of integrated pest management, and trapping combined with spatial analysis of trap catch by contour mapping has shown considerable promise as a reliable and practical method (Brenner et al. 1998 , Arbogast 2001 , Subramanyam et al. 2002 , Fields and White 2002 , Weir 2003 ) that has already gained some acceptance by the pest control industry. The value of the method lies in its ability to locate as well as detect infestation, and in the utility of contour maps for documentation and communication. The maps provide graphic, easily understood evidence of insect infestation and also can be used to show the effectiveness of control intervention. They are thus of considerable value in communicating insect problems to managers and to maintenance, sanitation, and pest control personnel.
Spatial analysis of trap catch, as a means of locating infestation, rests on the assumption that there is a relationship between trap catch (number captured by a trap in a speciÞed period of time) and proximity to a source of infestation. The results of studies in commercial warehouses, processing plants, and retail stores (Rees 1999; Arbogast et al. 2000 Campbell et al. 2002) have supported this assumption. Recent experiments with the cigarette beetle, Lasioderma serricorne (F.) , showed that the number of beetles trapped in a small shed declined exponentially with increasing distance from a source of infestation . The present article reports a similar study with P. interpunctella, which was selected as a representative stored-product moth, and compares the Þndings with those for the less vagile cigarette beetle, as well as with observations of P. interpunctella trap catch in two retail stores.
Materials and Methods
Shed Experiments. Laboratory cultures of P. interpunctella were established with adults collected in November 1997 from shelled corn stored on a farm in north central Florida. The cultures were maintained at 27 Ϯ 1ЊC and 60 Ϯ 5% RH with a photoperiod of 12:12 (L:D) h on the diet described by Boles and Marzke (1966) . Each culture was contained in a plastic box (19 by 14 by 9.5 cm) with a screened hole in the lid for ventilation.
Experiments were conducted in an aluminum shed, with an area ϭ 29 m 2 , from 26 July to 21 October 2002 and from 6 May to 8 July 2003. The interior of the shed was totally dark during the experiments except for the brief periods when observations were being made. Temperature was not controlled, but the walls and ceiling were covered with sheet rock over Styrofoam insulation to moderate temperature changes, and the wooden ßoor, which was elevated Ϸ0.25 m above a concrete slab supporting the shed, was covered with asphalt ßoor tile. Air temperature was monitored with HOBO temperature loggers (HO-001-02, Onset Computer Corp., Bourne, MA) placed at 14 sites on the ßoor (Fig. 1 ) and set to record temperature at 1-h intervals. Four pheromone-baited sticky traps (Sp-Locator traps with SP Minimoth pheromone dispensers, AgriSense-BCS Ltd., Pontypridd, Mid Glamorgan, United Kingdom), attached to walls Ϸ1.2 m above the ßoor, were positioned as illustrated in Figs. 2Ð 4. Sp-Locator traps were designed to locate infestations. The pheromone dispensers (rubber septa) release (Z,E)-9,12-tetradecadien-one-ol acetate (ZETA), the primary component of the pheromone, at an average rate of 2.3 Ϯ 0.26 ng/h at 24ЊC and have a range Ͻ4 m (Mankin et al. 1999) . Traps with a short range of attraction are desirable for spatial analysis, because they more effectively resolve local components of an insect population and thus provide a sharper picture of spatial pattern (Arbogast et al. 2000) .
We conducted three experiments, all of which involved placing corrugated paper coils containing pupae on the ßoor of the shed and monitoring trap catch of emerging adult males over a 72-h period. The experiments differed only with respect to the point of release, which was either at the midpoint of the east wall (Fig. 2) , adjacent to the south wall, 1 m from the southwest corner (Fig. 3) , or adjacent to the north wall, 1 m from the northeast corner (Fig. 4) . Each experiment was replicated Þve times with fresh traps and lures. For each replicate (72-h trapping run), pupae were collected by placing two coils of corru- gated paper (1.5 cm in thickness by 6.5 cm in diameter) in a culture 8 Ð10 d after seeding with eggs. The coils were removed Ϸ12 d later, placed in an empty rearing box, and held in the rearing room for 1Ð2 d, after which time the box was placed at one of the release points on the ßoor of the shed and opened. All releases were made between 1000 and 1100 hours, and the number of adult males in each trap was recorded after 24, 48, and 72 h. The total number of moths resting on the ßoor, ceiling, and walls of each quarter (northeastern [NE] , northwestern [NW] , southeastern [SE] , southwestern [SW] ) of the shed also was recorded. The number of adults that emerged and the percentage of emergence were determined by counting the pupae and empty pupal cases that remained in the coils after each replicate. The shed was cleaned between replicates by removing the traps and coils and vacuuming all moths from the walls, ßoor, and ceiling. The temperature loggers were launched at the beginning of each replicate, and temperature data were downloaded at the end.
The numbers of moths captured at each trap site were averaged over the Þve replicates of each experiment, and contours of mean trap catch were drawn for 24, 48, and 72 h by using Surfer 8 (Golden Software, Inc., Golden, CO) (Figs. 2Ð 4). The Multiquadric func- tion (Radial Basis Functions) was used as the interpolation algorithm with default values of the function parameters R 2 (smoothing) and h (anisotropy). Radial Basis Functions comprise a group of interpolation methods that attempt to honor data points (that is, they are exact interpolators). The Multiquadric method is considered by many to be the best in ability to Þt a data set and to produce a smooth surface (Krajewski and Gibbs 1996, Golden Software 2002) , and with most small data sets (Ͻ250 observations), it produces a good representation of the data (Golden Software 1999) .
Variation in rate of capture with time after release (introduction of pupae) was examined by determining the cumulative number of moths captured in each replicate 24, 48, and 72 h after release. The totals for all three experiments were averaged over the 15 replicates, and the regression of mean cumulative total on hours after release was plotted and analyzed (Fig. 5 ). The inßuence of distance from a source of infestation on numbers of moths captured was examined by combining the results of the three experiments, calculating mean trap catch for each distance, and plotting and analyzing the regression of mean trap catch on distance 24, 48, and 72 h after release (Fig. 6 ). The number of observations contributing to each mean was either 5 or 10. SigmaPlot 2001 and SigmaStat 2.03 (SPSS Inc., Chicago, IL) were used for regression analysis.
Temperature records were used to calculate hourly means, minima, and maxima, which were then plotted against time of day to illustrate overall diurnal variation during the 15 trapping runs (Fig. 1) . Mean, minimum, and maximum temperatures, calculated for each replicate (14 locations ϫ 72 h ϭ 1,008 temperature records), were used to examine the association of temperature with percentage emergence and capture. SpearmanÕs rank order correlation coefÞcient (R s ) was calculated for the pooled data (15 replicates) by using SigmaStat 2.03 (SPSS Inc.). Correlation analysis was chosen because none of the variables were Þxed at a constant level, and all contained sampling variability. The nonparametric Spearman rank order correlation was used, because we could not assume bivariate normality and common variance.
Retail Stores. Two retail pet stores near Orlando, FL, each with an area ϭ 1,630 m 2 , were monitored for P. interpunctella by trapping from January to December 2000. Trap sites were selected to approximate regular trap spacing, but availability of suitable points for trap attachment dictated a slightly irregular pattern (Figs. 7A and 8A). To minimize artifacts caused by extrapolation beyond the outermost traps (Arbogast et al. 2000), some traps were placed at or near the outer limits of the area monitored. Traps and lures, which were the same as those used in the shed experiments, were attached by Velcro to walls, shelf supports, or the undersides of shelves at heights of 1Ð2 m. Trapping was done at monthly intervals by placing traps at designated sites and counting the number of moths captured by each trap over a period of 2 d. Contour maps were drawn for each month by using Surfer 8 as already described. Two examples were selected from this data set to examine the relationship between trap catch and distance from a focus of infestation in large commercial buildings. The contour maps for these examples (Figs. 7A and 8A) were used to estimate the center of infestation in each, and the distance from the center to each trap was then calculated using the Pythagorean theorem. Trap catch was plotted against these distances and the points Þtted to exponential decay curves (Figs. 7B and 8B) as in the shed experiments.
Results and Discussion
Shed Experiments. Temperature inside the shed varied over the course of the study (Fig. 1) , but the seasonal range of variation was apparently insufÞcient to affect emergence of adult moths or the numbers captured. The number of moths that emerged during any 72-h trapping run ranged from 215 to 469, and the total number of males captured by the four traps ranged from 31 to 120. Correlation analysis of data pairs for all three experiments combined showed no signiÞcant association between the percentage of moths that emerged and mean (R s ϭ 0.01, P ϭ 0.96), minimum (R s ϭ 0.02, P ϭ 0.93), or maximum (R s ϭ 0.11, P ϭ 0.68) temperature. Correlation analysis also indicated no signiÞcant association between trap catch and mean (R s ϭ 0.43, P ϭ 0.11), minimum (R s ϭ 0.26, P ϭ 0.35), or maximum (R s ϭ 0.47, P ϭ 0.08) temperature.
As moths emerged and dispersed, the contour pattern of trap catch intensiÞed and expanded outward from the point of release (Figs. 2Ð 4) . A similar change in contour pattern was observed after release of adult L. serricorne in the same shed . These observations are consistent with intuition; that is, we would expect the probability of capture at a given point in time to increase with proximity to a source of insects and the probability of capture at a Þxed distance to increase with time. If these expectations hold, it follows that trap catch for any period of time will be higher near the source than farther away, as was observed with both P. interpunctella (Figs. 2Ð 4) and L. serricorne . It also follows that trap catch at any point will increase during the same period, as was observed in both species (Figs. 2Ð 4) . As the insects dispersed and total trap catch increased, the outlying traps captured more insects, but cumulative trap catch remained highest near the release point. We have observed this same pattern of change in retail stores, where foci of infestation are Þrst detected by the closest traps, but the number of insects captured and the area in which captures occur increase steadily over time, so that the contour pattern surrounding a focus intensiÞes and spreads outward (Arbogast et al. 2000) .
Counts of moths resting on the ßoor, ceiling, and walls of the shed (Table 1) indicated that the distribution of trap catch (Figs. 2Ð 4) reßected the general distribution of the moth population. In each experiment, signiÞcantly more moths occurred in the same quarter of the shed as the highest trap catches. When moths were released along the east wall, midway between the NE and SE quarters, the SE quarter was second in number of moths and trap catch.
We expected the moths to disperse equally in all directions unless they were blocked by walls, but the patterns of trap catch suggested instead a biased movement toward the north wall, especially toward the northeastern section of the wall (Figs. 2 and 3) . When the pupae were placed at the midpoint of the east wall (experiment 1), trap catch was highest in the northeast corner throughout the 72-h trapping run (Fig. 2) . A bias in the same direction also was evident when the pupae were placed near the southwest corner (experiment 2), even though trap catch was concentrated near the release point (Fig. 3) . Experiment 2 was repeated to examine this anomaly, and the same results were obtained. Dispersal of L. serricorne in the same shed also was biased toward the north wall . Although this directional bias in movement shows that factors other than proximity to a source of insects can inßuence trap catch, it does not diminish the value of trapping and contour analysis as a means of locating infestation foci. In all cases, with both P. interpunctella and L. serricorne, the greatest numbers of insects were captured by the traps nearest a release point. Although real world situations are more complex, so that locating infestation may be more difÞcult, studies in commercial warehouses and retail stores (Arbogast et al. 2000) have nevertheless demonstrated the usefulness of the method. The rate at which moths were captured increased during the Þrst 24 h and then remained nearly constant over the next 48 h (Fig. 5) . The increase in mean cumulative trap catch over the 72-h trapping period was well described by the power function n ϭ at b , where n is trap catch, t is elapsed time, and a and b are constants. Increase in trap catch over time also was well described by the a power function in L. serricorne. However, in P. interpunctella, the parameter b was Ͼ0, so that the rate of capture increased over time, but at an ever-declining rate until it became nearly constant. In L. serricorne, the parameter b was Ͻ0, and the rate of capture decreased with time, rapidly at Þrst and then more slowly until it became nearly constant. The difference can probably be attributed to the fact that the moths were introduced into the shed as pupae, whereas the beetles were introduced as adults. It seems that with the beetles, there was a burst of dispersal immediately after release, followed by a decline and eventual stabilization at a much lower rate. Dispersal of the moths was delayed until adults began to emerge. The rate of emergence and dispersal was apparently low at Þrst but increased and then became nearly constant after Ϸ24 h. In a trapping study of P. interpunctella and various beetles infesting pet and department stores, Arbogast et al. (2000) found that the relationship between days of trapping and cumulative numbers captured over periods of 4 to 5 d was well described by straight lines. However, these authors noted some evidence that the rate of capture may actually have decreased with time during the Þrst day or two.
The number of moths that had been captured by any trap in the shed 24, 48, or 72 h after release declined with the distance of the trap from the source of infestation (Fig. 6) . At Þrst glance, the form of this relationship seemed to be linear, in contrast to an exponential relationship in the beetle , but closer examination revealed that the relationship in both species can reasonably be described by the two-parameter exponential decay function: n ϭ n o e Ϫkd , where n is trap catch at distance d, and the parameters n o and k are constants. It made little difference in the adjusted coefÞcient of determination (adjusted R 2 ) whether a straight line or an exponential decay curve was Þtted to the moth data. The exponential Þt was slightly better at 24 h (Fig. 6A ) and the linear Þt at 48 and 72 h (Fig. 6B and C) .
Retail Stores. The studies of P. interpunctella in retail pet stores showed that the moth was always present, although it varied considerably in abundance from month to month. The two examples chosen for illustration (Figs. 7 and 8) were from months in which the moths were most abundant. Contour analysis of trap catch revealed foci of infestation associated with old stock birdseed in both stores, but in different months (Figs. 7A and 8A) . In both cases, the contour gradients suggested nonlinear decline in trap catch with distance from the center of infestation, and plots of trap catch versus distance showed that the decline was in fact well described by exponential decay functions (Figs. 7B and 8B) . One focus (Fig. 7A ) was discrete and relatively small; the other (Fig. 8A) was irregular, covered a larger area, and contained at least one secondary center of infestation, a pattern that produced the outliers at 9.6, 15.3, and 22.9 m in Fig. 8B . The outliers and the consequent reduction in adjusted R 2 serve to illustrate the sort of problem we can expect when there are multiple foci. In the current example, the problem is minor and can be ignored, but this will not always be the case. Nevertheless, single foci are sufÞciently common in commercial settings to render the model a useful tool for interpreting patterns of trap catch.
In conclusion, trapping provides an effective method for detecting stored product insects in buildings (e.g., warehouses, processing plants, and retail stores), and when combined with contour analysis of trap catch, it also provides a convenient means of locating foci of infestation and points of entry (Rees 1999; Arbogast et al. 2000 Campbell et al. 2002; Weir 2003) . The validity of contour analysis as a tool for this purpose rests on the premise that for any given trapping period, trap catch decreases with distance from a source of insects. Pierce (1994) was able to locate infestations of L. serricorne and pyralid (phycitine) moths by using a triangulation method tacitly based on this premise. His success, and that of later workers using contour analysis, point to an inverse relationship between trap catch and distance. The results of the current study, including the retail store observations, and those reported earlier for L. serricorne provide direct proof of such a relationship and show that the relationship is well described by exponential decay.
Exponential decay functions are often used as models for real-world phenomena in which one variable declines in proportion to increases in another (see Leike 2002 for examples). And the two-parameter function n ϭ n o e Ϫkd , where n o is the initial number and k is the decay constant, is arguably the most meaningful model for the relationship between trap catch and distance from a source of insects. In this application, n is trap catch and d is distance. The parameter n o represents trap catch at the source (n ϭ n o when d ϭ 0), and the parameter k deÞnes how rapidly n declines as d increases. Logically, the value of n o will depend upon rate of emigration from a source of infestation, such as an infested package, and trap efÞciency, whereas the parameter k will be determined, at least in part, by a suite of factors that affect the ability or propensity of an insect to disperse. Such factors and their relative importance remain to be determined, but would be expected to include the locomotor power of the species, population density at the source, and temperature. Other factors might include the size of the area available for dispersal and the duration of the trapping period.
In the real world, the relationship between trap catch and distance is often not described perfectly by exponential decay, as was well illustrated by the values of adjusted R 2 associated with our observations of L. serricorne and P. interpunctella. The exponential decay model assumes that traps equidistant from a source have an equal probability of making a capture, which requires, at least, that the direction of dispersal is unbiased. It seems, however, that for reasons not yet readily apparent, the direction of dispersal is often biased, and traps that lie on a much traveled route may actually accumulate more insects than others closer to a source of infestation. Biased dispersal diminishes the modelÕs precision of prediction to various degrees, as reßected in the values of adjusted R 2 , but does not invalidate the usefulness of the model in representing the basic relationship between trap catch and distance from a source of infestation.
Knowledge of exponential decay as it relates to infestation, dispersal, and trap catch has shown potential as tool for better understanding the processes that inßuence spatial distribution of insects in buildings. Evidence to date, from our shed studies and observations in retail stores, has suggested that most (51Ð74%, based on adjusted R 2 values) of the variation in trap catch with distance from a source of insects can be explained by two-parameter exponential decay. The residual variation may result mainly from bias in the direction of dispersal and experimental error. However, more detailed examination of the regression using data sets from various types of commercial facilities will be required before its usefulness is fully established. Also, the behavior the two-parameter function, as the values of its parameters vary, needs further examination. Finally, hypotheses suggested by application of the function to infestation, dispersal, and trap catch, some of which were intimated in the preceding paragraphs, remain to be tested by experiments.
